Enteroaggregative Escherichia coi (EAggEC) are associated with persistent diarrhea in young children. Some of these organisms produce a low-molecular-weight, heat-stable, plasmid-encoded enterotoxin that has been named EAggEC heat-table enterotoxin 1 (EAST1). We have cloned a 4.4-kb DNA fragment from the virulence plasmid of prototype EAggEC strain 17-2, which expresses enterotoxic activity as measured by electrogenic response in Ussing chambers mounted with rabbit ileal tissue. DNA-sequence analysis ofthis fragment identified an open reading frame (ORF) encoding a cysteine-rich polypeptide of 38 amino acids (Mr, 4100). Insertional and deletional mutations in this ORF resulted in loss of enterotoxic activity. The ORF was cloned into a T7 expression vector, and postinduction culture filtrates exhibited enterotoxic activity and increased ileal tissue cGMP levels. A synthetic peptide consisting of predicted amino acid residues 8-29 also showed enterotoxic activity. These data indicate that this ORF, named astA (EAggEC heat-table enterotoxin), represents the EASTI structural gene. EAST1 shows significant homology with the enterotoxic domain of heat-stable enterotoxin a (STa) of enterotoxigenic E. coil and with guanylin, a mammalian analog of STa. Unlike STa, which requires six cysteines and three disulfide linkages for ful biological activity, both EAST1 and guanylin contain four cysteine residues. Based on the cGMP data and the sequence homology to STa and guanylin, it is predicted that EAST1 stimulates the particulate form ofguanylate cyclase through the same receptorbinding region as STa and guanylin.
DNA fragment from the virulence plasmid of prototype EAggEC strain 17-2, which expresses enterotoxic activity as measured by electrogenic response in Ussing chambers mounted with rabbit ileal tissue. DNA-sequence analysis ofthis fragment identified an open reading frame (ORF) encoding a cysteine-rich polypeptide of 38 amino acids (Mr, 4100). Insertional and deletional mutations in this ORF resulted in loss of enterotoxic activity. The ORF was cloned into a T7 expression vector, and postinduction culture filtrates exhibited enterotoxic activity and increased ileal tissue cGMP levels. A synthetic peptide consisting of predicted amino acid residues 8-29 also showed enterotoxic activity. These data indicate that this ORF, named astA (EAggEC heat-table enterotoxin), represents the EASTI structural gene. EAST1 shows significant homology with the enterotoxic domain of heat-stable enterotoxin a (STa) of enterotoxigenic E. coil and with guanylin, a mammalian analog of STa. Unlike STa, which requires six cysteines and three disulfide linkages for ful biological activity, both EAST1 and guanylin contain four cysteine residues. Based on the cGMP data and the sequence homology to STa and guanylin, it is predicted that EAST1 stimulates the particulate form ofguanylate cyclase through the same receptorbinding region as STa and guanylin.
Enteroaggregative Escherichia coli (EAggEC) are the most recently recognized category of diarrheagenic E. coli (1) (2) (3) (4) (5) (6) . EAggEC are defined by their distinctive, aggregative pattern of adherence to cultured human epithelial cells in vitro (7) . Several epidemiological studies have found a close association between EAggEC and diarrhea in young children (2) (3) (4) (5) (6) . Of particular interest, prospective studies in India, Mexico, and Brazil have noted a strong correlation with persistent childhood diarrhea (3) (4) (5) (6) . Although persistent diarrhea accounts for a large proportion of morbidity and mortality in children of the developing world, knowledge regarding its microbial pathogenesis is limited (8) .
Little is known about the virulence factors that contribute to EAggEC pathogenesis. Preliminary information from challenge studies in gnotobiotic piglets have suggested that aggregative adherence to the small intestinal mucosal surface occurs (9) . Additionally, the marked degree of watery diarrhea in conjunction with a paucity of intestinal pathological changes seen in piglets suggest that the diarrhea may, in part, be toxigenic in nature, although no classic enterotoxins have been demonstrated (9) . We recently reported that some EAggEC strains elaborate a low-molecular-weight, partially heat-stable, plasmid-encoded enterotoxin that is genetically and immunologically distinct from enterotoxigenic E. coli heat-stable enterotoxin a (STa) (10) . This enterotoxic factor, which has been named EAST1 (for EAggEC heat-stable enteroloxin 1) , is demonstrable in an in vitro rabbit intestinal model (10) . The present paper describes experiments in which this model is used to identify clones expressing the gene encoding EAST1 and to localize the gene. The predicted amino acid sequence of EAST1 suggests that it represents another subfamily of E. coli heat-stable enterotoxins. 11
MATERIALS AND METHODS
Bacterial Strains and Growth Conditions. EAggEC strain 17-2 was isolated from a Chilean child with diarrhea (1). This strain contains a single 60-MDa plasmid (p17-2) that is associated with EAST1 production (10) . Additional EAggEC strains used for colony-blot hybridization studies were derived from patients with diarrhea from Chile, Mexico, and India. E. coli strain HB101 served as the host strain for cloning experiments (11) . HMS174(DE3) (12) served as the host strain for pSS122, a recombinant T7 expression clone.
Most E. coli strains were routinely grown in LB medium (11) . Determination of Ussing-chamber activity was performed on cell-free culture ultrafiltrates after growth of bacterial strains under described conditions (10) . Briefly, cultures were grown in LB broth under high aeration conditions at 37°C for 8 hr, followed by subculture and growth for an additional 12-14 hr. For HMS174(DE3)pETllc and HMS174(DE3)pSS122, cultures were grown at 37°C in a shaking flask in ZY medium to an OD600 of 1.0 and induced with 0.4 mM isopropyl ,fD-thiogalactoside (Sigma) for 3 hr.
Culture ultrafiltrates were prepared by centrifugation of the cell suspension and passage of the supernatant through a YM10 (Mr 10,000 cutoff) Centricon filter (Amicon) under conditions suggested by the manufacturer. Less than 10-kDa culture ultrafiltrates were routinely tested for enterotoxic activity, as described below. Ampicillin (200 p.g/ml) or kanamycin (25 p.g/ml) were added to culture medium, where appropriate, for antibiotic selection.
Genetic Techniques. Bacterial conjugations, plasmid DNA isolations, and plasmid transformations were done by using standard methods (11 is, short-circuit current. tTo whom reprint requests should be addressed. ' The sequence reported in this paper has been deposited in the GenBank data base (accession no. L11241).
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tions. Plasmid pUC19 was used as a cloning vector (11) . A kanamycin resistance gene cassette derived from pILL600 (13) was used for insertional mutagenesis. The astA gene was amplified by using the oligonucleotide primers 5'-TGCCAT-CAACACAGTATATCC-3' and 5 '-TAGGATCCTCAG-GTCGCGAGTGACGGC-3' and plasmid pSS106 as template with the GeneAmp PCR kit (Perkin-Elmer/Cetus). BamHIdigested product was cloned into the expression vector pETlic (Novagen, Madison, WI), which had been digested with Nde I/Klenow and BamHI. The construction was confirmed by DNA sequencing using T7 promoter primer (Novagen).
The astA gene amplification product, as generated above, was also used as a DNA probe. Product was purified and labeled with [a-32P]dCTP by nick translation using a kit from New England Nuclear (DuPont), according to the manufacturer's instructions. Colony blots onto nitrocellulose were prepared, according to Sambrook et al. (11) . Hybridization and washes were done under stringent conditions. Nucleotide sequence was determined by the dideoxynucleotide chain-termination method of Sanger et al. (14) on double-stranded templates using Taq I cycle sequencing kits and fluoresceinated primers or terminators (Applied Biosystems) in a Perkin-Elmer thermo-cycler. Both strands were sequenced by using subclones of pSS103 as templates. Analysis was performed on an Applied Biosystems model 373 automated sequencer. The Genetics Computer Group programs were used for computer analyses of nucleic acid sequences, predicted protein sequences, and homology studies (15) .
Ussing-Chamber Studies. Experiments were done according to Guandalini et al. (16) . Adult male New Zealand White rabbits (2-3 kg) were anesthetized by methoxyflurane inhalation and sacrificed by air embolism. A 15-cm segment of ileum was removed, rinsed free ofintestinal contents, opened along the mesenteric border, and stripped of muscular and serosal layers. Four sheets of mucosa so prepared were then mounted in Lucite Ussing chambers (1.12-cm2 aperture) and bathed by freshly prepared buffer containing 53 mM NaCl, 5
mM KCl, 30.5 mM Na2SO4, 30.5 mM mannitol, 1.69 mM Na2HPO4, 0.3 mM NaH2PO4, 1.25 mM CaCl2, 1.1 mM RV MgCl2, 25 mM NaHCO3. The bathing solution was maintained at 37°C with water-jacketed reservoirs connected to a constant-temperature circulating pump and gassed with 95% 02/5% C02. Potential difference (PD) and short-circuit current (he) were measured, and tissue conductance (Ge) was calculated (17) . Once the tissue reached equilibrium, 400 ,ul of <10-kDa culture ultrafiltrate was added to the mucosal side (time 0); 400 Al of the same sample was also added to the serosal side to preserve osmotic balance. In experiments involving synthetic peptide, EAST1-(8- was added to the mucosal side of each chamber. Only those tissues that showed an increase in I in response to glucose (indicating tissue viability) were included in the analysis. Measurement of cGMIP Concentrations. Ileal mucosa from Ussing chambers was used for measurement of cGMP concentrations. At the peak IS response, pieces of mucosa were removed from each chamber, immediately placed in ice-cold 5% trichloroacetic acid, and homogenized. After centrifugation for 15 min at 2000 x g, the trichloroacetic acid supernatants were extracted four times with water saturated with diethyl ether and lyophilized. The residues were redissolved in 1 ml of commercial assay buffer (Amersham), and the amount of cGMP was determined by enzyme-linked immunoassay using the Biotrak cGMP enzyme immunoassay system (Amersham). Protein content was determined by the method of Bradford (18) .
Chemical Synthesis of EAST1-(8-29 RESULTS Cloning and Sequencing of astA. Previously, we reported that the enterotoxic activity of EAggEC wild-type strain 17-2 is plasmid-associated (10). Culture ultrafiltrates from HB101(pSS101), a Tn3-tagged (ampicillin resistant) derivative of p17-2, exhibited enterotoxic activity in the Ussingchamber assay (data not shown). Plasmid pSS103 contains a 7.5-kb EcoRI fragment from pSS101 cloned into pUC19, as shown in Fig. 1 . This fragment contains the aggA locus, shown in Fig. 1 , which encodes an exported protein of 18.6 kDa required for expression of the HEp-2 cell aggregative adherence phenotype (S.J.S. and P.G., unpublished data). Culture ultrafiltrates from HB101(pSS103) elicited a significant rise in ISC compared with HB101(pUC19) control ultrafiltrates, as shown in Table 1 . Similar activity was noted with HB101(pSS106), a subclone of pSS103 derived by deleting a 3.1-kb EcoRI-Sma I fragment (see Fig. 1 ).
During sequence analysis of the aggA gene (S.J.S. and P.G., unpublished data), an open reading frame (ORF1) was identified 0.8 kb downstream of the aggA locus on the other strand, which encodes a cysteine-rich, 38-amino acid peptide Of Mr 4100 (see Fig. 1 ). The nucleotide sequence of this locus (referred to as astA below) and the deduced amino acid sequence are shown in Fig. 2 . The predicted protein sequence [EcoRVI encoded by ORF1 shares 50% identity with enterotoxigenic E. coli STa in a restricted region defined by the enterotoxic domain of STa [amino acid residues 6-18 with reference to heat-stable enterotoxin h (STh) in Fig. 3] (23). Fig. 3 shows an alignment of this putative peptide (labeled EAST1 in Fig.  3 ) with the sequences of two STa family members and with guanylin, a mammalian analog of STa (24) . Interestingly, there is no DNA homology between ORF1 and estAl, an STa structural gene (25) , and their G + C contents are 53% and 30.6%, respectively.
Mutational Analysis. On the basis of the preceding data, it was hypothesized that ORF1 represents the EAST1 structural gene. To test this hypothesis, in vitro mutagenesis was done to interrupt ORF1, and the effect of resultant constructions on enterotoxin activity was observed in the Ussingchamber assay.
Plasmid pSS106 contains a unique EcoRV restriction site 38 bp upstream to the putative translational start of ORF1 and a unique Nru I site within ORF1, 6 bp upstream to the translational stop, as depicted in Figs. 1 and 2 . Plasmid pSS116 was generated by deletion of the 149-bp EcoRV-Nru I restriction fragment from pSS106 ( Fig. 1) . ORF1 was also disrupted by insertion of a kanamycin-resistance gene from pILL600 (12) into the Nru I site, generating plasmid pSS113 (Fig. 1) .
Culture ultrafiltrates from both HB101(pSS116) and HB101(pSS113) failed to show enterotoxic activity in the Ussing-chamber assay. These results are shown in Table 1 , where HB101(pSS106) and HB101(pUC19) served as positive and negative controls, respectively. These data suggest that ORF1 is required for expression of the EAST1 toxin phenotype and support the hypothesis that this locus represents the EAST1 structural gene; it has been named astA (for EAggEC heat-stable enteroloxin).
Mucosal cGMP Response to Expressed EAST1. The complete astA ORF was amplified by PCR from pSS106 and cloned into expression vector pETllc. This procedure resulted in the insertion of the astA ORF with the ATG start (shown in Fig. 2 ) under the control of a T7 promoter. Table  2 shows that when postinduction culture ultrafiltrates from HMS174(DE3)pSS122 were put into Ussing chambers, they increased ISC 4-to 5-fold over baseline values. This increase was, however, less than the response to 10-7 M STa. The concentration of cGMP in ileal tissue exposed to test ultrafiltrates was increased 2-fold over negative controls. Tissue exposed to STa exhibited a 3-fold increase in cGMP concentration, consistent with the differential effects of these preparations on ISC. It is not possible to interpret the difference in STa and EAST1 tissue response from this experiment because the STa was a purified preparation of known concentration and the EAST1 preparation was a crude ultrafiltrate of unknown amount.
Enterotoxic Activity of a Synthetic Peptide. Referring to the amino acid alignment in Fig. 3 , it was predicted that the cysteine-rich midportion of the astA gene product represents its enterotoxic domain. On the basis of this, a synthetic peptide composed of residues 8-29 of EAST1 [EAST1- ] was chemically synthesized, HPLC purified, and tested in Ussing chambers for enterotoxic activity to corroborate the findings in the preceding section. The time course of AI., response after addition of 1 x 10-6 M-4 x 10-7 M EAST1-(8-29) is shown in Fig. 4 in comparison with STa (1 x 1O-7 M) and phosphate-buffered saline. The synthetic peptide induced a significant rise in ISC that was similar, but not identical, to the electrogenic response evoked by STa. EAST1- caused an immediate rise in ISC, with a maximal AIsc response at 30-40 min. In contrast, crude culture ultrafiltrates from strain 17-2 exhibit a 30-to 40-min lag before increase in Ic (10) . The slopes of these responses after onset, however, appear virtually identical for the crude preparation and the purified synthetic peptide.
Hybridization of ast4 to Other EAggEC Strains. An astA polynucleotide gene probe composed of the complete ORF (see Figs. 1 and 2 ) was used to determine the prevalence of this genotype among a large number of EAggEC clinical isolates from Chile, India, and Mexico by colony-blot hybridization. Thirty-eight of 67 (57%) EAggEC strains hybridized with the astA probe, showing that it is common but not universal among EAggEC strains derived from several geographic sites.
DISCUSSION
The present studies establish that astA encodes the EAST1 enterotoxin based on two lines of evidence. (i) Mutations in this ORF result in loss of enterotoxic activity, as compared with parent clones. (ii) Both a clone expressing the astA gene product, as well as a synthetic peptide composed of the predicted enterotoxic domain of the astA gene product, exhibit enterotoxic activity. The identical slopes of response curves for EAST1-(8-29) and 17-2 crude culture ultrafiltrates (10) convincingly argue that they represent effects of the same active moiety. Additionally, the demonstration of elevated cGMP concentrations in tissue exposed to recombinantly expressed EAST1 corroborates previous indirect evidence that cGMP serves as the intracellular mediator of the EAST1 enterotoxic effect (10) .
If evidence is forthcoming to support a role for EAST1 as a virulence determinant, its place in the repertoire of EAggEC pathogenesis will need further definition. Because not all EAggEC are astA-positive, additional virulence factor(s) may be elaborated by other EAggEC subset(s). Recently, Baldwin et al. (19) have described a heat-labile moiety elaborated by some EAggEC strains that stimulates calcium-dependent protein phosphorylation (19) .
STa is produced by enterotoxigenic E. coli strains of both human and animal origin (21) , two variants of which are heat-stable enterotoxin p (22) and heat-stable enterotoxin h (STh) (20) . STa is representative of a family of highly (27) , and STh (20) . The dash represents a gap introduced for optimal alignment. Numbers below alignment refer to the corresponding amino acid residue of STh. Sequence common to all molecules is found in the boxed area and is represented by the following motif: (small nonpolar)-Ala-Cys-(small nonpolar)-(small polar)-Cys. homologous enterotoxins that have been associated with a number of other bacterial enteropathogens, including non-O1 Vibrio cholerae (26) and Y. enterocolitica (27) . A tridecapeptide constitutes the enterotoxic domain for the STa family (spanning from Cys-6 to Cys-18 with reference to STh, as shown in Fig. 3 ), within which there is minimal deviation in primary amino acid structure (23) . STa has been shown to bind directly to and stimulate intestinal guanylate cyclase expressed in COS-7 cells (28) . A wealth of additional information has shown that the net result of STa binding to sensitive cells or tissue is cGMP production (29, 30) , such that it appears certain STa directly stimulates guanylate cyclase in vivo. Guanylin represents a natural ligand for the receptor activating the guanylate cyclase/cGMP cascade. This endogenous peptide has recently been purified from rat jejunum and shows significant homology with STa (24). This peptide has been shown to bind competitively to the STabinding site on T-84 cells, thereby stimulating the cGMP production (24) . The relation of EAST1 to STa and guanylin entreats close scrutiny. Given that STa, guanylin, and EAST1 all act by means of the guanylate cyclase/cGMP system and that all three share significant amino acid-sequence homology, we postulate that all three moieties interact with the same receptor-binding site to elicit an increase in cGMP. A comparison of the primary amino acid structure of EAST1, STa, and guanylin may, therefore, provide insight as to the absolute structural requirements of the receptor-ligand interac- Fig. 3 ), the following common motif is discerned: (small nonpolar)-Ala-Cys-(small nonpolar)-(small polar)-Cys. Ala 
